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8  Abstract

9 Integrating phase change materials (PCMs) into building materials has been widely used

10  to improve the energy efficiency of buildings, in which microencapsulation and shape
11  stabilization of PCMs are considered as two most effective solutions. In this study, artificial
12 geopolymer aggregate (GPA) was employed as a novel PCM carrier for energy storage
13 purposes. Detailed investigations were conducted into the physical, mechanical, and thermal
14 properties of GPA-PCM, which can be engineered through different raw material selections
15 (e.g., slag content, water/binder ratio, and incineration bottom ash (IBA) content). It was
16  demonstrated that increasing the IBA content is an efficient means to increase the porosity of
17  GPA, an index of the capacity to accommodate PCM. Up to 16 wt.% PCM could be absorbed
18  into the GPA through vacuum suction, resulting in a significant melting enthalpy of 24.74 J/g.
19  Besides, GPA-PCM could achieve an excellent mechanical strength greater than 53.2 MPa and
20  thermal conductivity of 0.510 — 0.589 W/mK. The time-temperature history curves of GPA
21  revealed that up to 10.5°C of thermal regulation was achieved due to PCM impregnation. The
22 developed GPA-PCM composites facilitate an innovative and low-carbon solution for utilizing

23 PCMs in construction for temperature-regulating and energy-saving purposes.
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1 Introduction

Buildings account for at least 40% of overall worldwide energy consumption [1] and 28%
of total annual CO> emission [2] due to the consumption of fossil fuels. To cope with this
challenging scenario, the energy efficiency of buildings needs to be improved with unremitting
efforts, which would reduce not only the living cost but also the environmental impact of
energy consumption. Integrating phase change materials (PCMs) into building materials has
been widely used to address the above challenge since PCMs can improve the energy efficiency
of buildings through Thermal Energy Storage (TES) and thermal regulation [3]. PCMs,
undergo phase transitions from solid to liquid and vice versa at their phase transition
temperatures, along with absorbing or releasing a large amount of energy. PCM-enhanced
building envelopes have been studied to narrow the gap between the peak and off-peak loads,
save building operation costs under specific electricity tariffs, reduce diurnal temperature
fluctuations concerning the occupants’ thermal comfort, utilize the free cooling at night for
save the day peak cooling load, etc. [4-7]. Besides, PCMs could modify the release process of
the hydration heat of cementitious materials and relieve the temperature fluctuations to reduce
shrinkage and cracks, thus improving the strength and durability of building materials [7].

Extensive existing studies [8, 9] have demonstrated that using PCMs can achieve
significant energy savings for buildings. A recent study in Oak Ridge National Laboratory
(ORNL) indicated that the PCM-integrated wallboard could produce up to 22% electricity
savings from the wall-generated cooling loads [9]. However, the leakage of PCMs from the
building material during the solid-liquid phase change processes is the major limitation of their
applications [10]. To address this issue, there have been considerable efforts devoted to

incorporating PCMs into construction materials, among which microencapsulation of PCMs in
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suitable wall materials and shape stabilization of PCMs with various supporting materials are
the two most effective solutions, as shown in Fig. 1. Currently available microcapsules of
PCMs often break easily when they collide with each other [11]. The shell of microcapsules
could be destroyed by the collision and abrasion with other aggregates during the mixing
process and by the high pH environment of the cement hydration system [12]. Therefore, they
are not favored for use in building materials that require high strength, such as concrete.
Besides, the production cost of PCM micro-encapsulates is much higher (about seven times)
compared to the non-encapsulated approach [13]. On the other hand, to overcome the above-
mentioned disadvantages of microencapsulation, supporting materials can be added to PCMs
to produce shape-stabilized PCMs or form-stable composite PCMs [14-16]. In this way, PCMs
are absorbed into porous supporting materials via vacuum impregnation or direct absorption.
Comparatively, the shape-stabilized approach is an easy, suitable, and economic pathway for
the application of PCMs in buildings. Various types of porous materials, including expanded
graphite [17], expanded perlite [18], expanded shale [19], mesoporous zeolite [20], ceramic
foam [21], and recycled expanded glass aggregate [22] have been reported for such purpose.
However, the cost of these porous supporting materials is relatively high and the mechanical

properties are generally poor and their porosity is non-tuneable.

(a) (b)
PCM
Shell
Supporting
PCM core framework

Fig. 1 Encapsulation methods of PCM: (a) microencapsulation; (b) shape-stabilization [23].

This study investigates the feasibility of employing artificial geopolymer aggregate (GPA)

as a porous and designable carrier to fabricate form-stable PCMs composites. GPA is a type of
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newly-developed porous alternative aggregate, which is produced from aluminosilicate-rich
sources via the alkali-activation method [24-27]. Usually, the produced GPAs could exhibit
more than 20% porosity yet reasonably high mechanical strength (e.g., 20 MPa for bulk
crushing strength). Commonly, with the increase of slag content and decrease of water to binder
ratio, the mechanical strength of GPA increases, while the porosity and water absorption rate
decrease [24, 25]. On the other hand, the use of pore-foaming agents can considerably increase
porosity, thus reducing the bulk density, thermal conductivity, and compressive strength.
Municipal solid waste incineration bottom ash (IBA) is a suitable natural foaming agent for
alkali-activated materials due to the production of hydrogen from the reaction of alkali and
residual aluminum metal particles in IBA [28]. In this way, sustainable and cost-effective
shaped-stabilized GPA-PCMs could be produced. Thus, the properties of GPA can be
manipulated based on selecting different portions of raw materials to achieve targeted porosity,
density, and mechanical strength.

In this study, shape-stabilized PCMs were prepared using a vacuum impregnation
technique. The effects of slag replacement content, water-to-binder ratio, and IBA content were
evaluated on the physical and mechanical properties of GPAs and GPA-PCMs, including the
specific gravity, water absorption, compressive strength, and crushing strength. Moreover, the
thermal properties, thermal stability, and thermal performance of GPA-PCMs were evaluated
using Thermogravimetric Analysis (TGA), Differential Scanning Calorimetry (DSC), thermal
conductivity, and thermal response via time-temperature history curves. Besides, three-
dimensional (3D) micro-CT was used to characterize the microstructures of GPA and GPA-

PCM.
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2 Materials and Methods
2.1 Materials

In this study, FA was supplied by CLP Power Hong Kong Limited, while the ground
granulated blast-furnace slag (GGBS) was purchased from Green Island Cement Co. Ltd.,
Hong Kong. The incineration bottom ash (IBA) was obtained from the Laogang Waste
Incineration Power Plant in Shanghai, China. The oven-dried fine IBA aggregates with a size
of <14 mm were ground with ball milling for several hours into fine powder. The chemical
composition and loss on ignition (LOI) values of the FA, GGBS, and IBA were determined by
X-ray Fluorescence (XRF), as shown in Table 1. The FA is classified as Class F according to
ASTM C618-19 [29]. The particle size distribution of precursors was measured by a laser
particle size analyzer, and the results are plotted in Fig. 2. The Dso particle size of FA, GGBS,
and IBA was 17.99 um, 12.37 um, and 23.16 pum, respectively.

Industrial grade anhydrous sodium metasilicate (Na>SiO3-Anhydrous) in granules form
was chosen as the solid alkaline activator [30], which was purchased from Qingdao Haiwan
Chemical Co., Ltd. It contained 55.6% NayO, 43.7% SiO», and 0.7% impurities, thus having a
modulus ratio (Si02/Na,0O) of 0.81. The Na,SiO3-Anhydrous had a Ds particle size of 241.16
um, as shown in Fig. 2, and a loose bulk density of 1.31 g/cm?.

Table 1 Chemical composition of precursors obtained from XRF (wt. %)

Oxides SiOz A1203 CaO Fe203 Ti02 MgO SO3 NaZO KzO PZOS Others LOI

FA 475  26.1 585 963 112 272 157 248 202 0.65 036  3.48

GGBS 326 147 424 035 061 653 1.82 - 041 0.18 040  0.26

IBA 428 763 223 777 093 233 176 543 154 496 2.50 -
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Fig. 2 Particle size distribution of FA, GGBS, IBA, and Na;SiO3-Anhydrous.

An industrial-grade paraffin wax, purchased from Joule Wax Co. Ltd in Shanghai, was
chosen as the PCM in this study. Its phase transition temperature is 28°C. The apparent density
for PCM in liquid and solid states is 0.80 g/cm® and 0.88 g/cm?, respectively. The specific heat
capacity and thermal conductivity of PCM are 3.22 J/(g-K) and 0.21 W/(m-K), respectively, as
supplied by the producer. The thermal stability and thermal enthalpy are measured by TGA
and DSC, respectively, as shown in Fig. 3. The melting and crystallization enthalpy for this
type of paraffin wax was calculated as 250.1 J/g and 254.6 J/g, respectively. According to Fig.
3a, the PCM will start to decompose from 110°C and completely decomposes after 225°C,

indicating good thermal stability for building applications.
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125 Fig. 3 Thermal performance of the PCM: (a) Thermal loss of PCM determined by TGA; (b)
126 Thermal capacity and phase change temperatures determined by DSC.

127

128 2.2 Mix design

129  2.2.1 GPA production

130 To achieve different levels of porosity and mechanical properties of GPA, one-part
131  geopolymer pastes were produced based on the three key factors: water/binder ratio, GGBS
132 replacement ratio to FA, and IBA content, as shown in Table 2. There were three different
133 water/binder ratios (0.25, 0.3, 0.35), GGBS replacement ratios (10%, 15%, 20%), and IBA
134 contents (0, 2%, 5%), resulting in a total of seven types of geopolymer pastes. The mix ID was

135  designated based on the above three factors.

136 Table 2 Mix proportions of one-part geopolymer pastes (by wt.)
Groups FA GGBS IBA Na;Si0;-Anhydrous Water
10S-0.25 0.9 0.1 - 0.1 0.25
15S-0.25 0.85 0.15 - 0.1 0.25
20S-0.25 0.8 0.2 - 0.1 0.25
15S-0.35 0.85 0.15 - 0.1 0.35
155-0.3 0.85 0.15 - 0.1 0.3
15S-0.3-2B 0.83 0.15 0.02 0.1 0.3
15S-0.3-5B 0.80 0.15 0.05 0.1 0.3
137
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Following the procedures reported by Xu et. al (2021) for one-part geopolymer [25], the
precursor materials and solid activators were dry-mixed for 5 mins, followed by mixing for
another 5 mins after adding the water. The geopolymer samples were then cast into 70 mm X
70 mm % 70 mm cubic molds, placed at ambient temperature, and demoulded in 24h. After
demoulding, half of the specimens were crushed using a compressive loading machine at a
loading rate of 0.5 kN/s to obtain the one-day compressive strength. The broken specimens
were further crushed by a hammer to obtain the coarse GPAs with sizes smaller than 20 mm.
In this study, only the coarse GPAs with a size of 10 — 20 mm were used. All the aggregates
and remaining cubic samples were cured in an oven for 24 hours at 105°C to mitigate the
autogenous shrinkage [25] and accelerate the strength development. Then these samples were
followed with another five days of sealed curing at room temperature. The properties of GPA
and cubic samples were tested at 7d. The crushing strength of GPA was obtained by casting
the samples into 20 mm x 20 mm x 20 mm cubes. The curing conditions were kept the same
as that for the crushed GPAs.

2.2.2 Preparation of GPA filled with PCM (GPA-PCM)

The GPA-PCM was prepared via a vacuum impregnation process, as shown in Fig. 4. At
first, 500 grams of oven-dried GPAs were weighed and placed into a covered container. The
container was put in the water bath at 50°C and exposed to a vacuum pressure of approximately
85 kPa for 2 hours. The melted liquid PCM solution was then introduced into the container to
submerge the GPA completely. The obtained mixture was kept in the vacuum at 50°C for
another 10 hours. The completion of loading was achieved after removing the vacuum for
another 2 hours of soaking. Then the mixtures were placed on a sieve to remove the extra liquid
PCM, followed by immersion in cold water (~ 7°C) to freeze the inner PCM. Since the PCM
residue on the GPA surface might affect the surface coating process of GPA-PCM, a warm

water-rinsing method was used to remove the PCM film according to previous research [19].
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After rinsing, the PCM residue on the surface of GPA-PCM could be effectively removed.
Then the GPA-PCM was immersed in the cold water again and air-dried for 48 hours to remove
the moisture before use. The mass of air-dried GPA-PCM was recorded to calculate the PCM

absorption rate according to the mass change.

A 7 7
5 W Wat
Mixture AL

GPA Vacuum Soaking Filtering Rinsing GPA-PCM

Fig. 4 Schematic illustration of the preparation process for GPA-PCM.

2.3 Characterization methods
2.3.1 Specific gravity, water absorption, and vacuum water absorption

Approximately 500 grams GPA with diameters of 10 — 20 mm were used in the specific
gravity test [including bulk specific gravity (Gg), saturated surface dry specific gravity (Gssp),
and apparent specific gravity (Ga)] according to ASTM C128-15 [31] and C127-15 [32]. The
aggregates were soaked in the water for 24 hours, followed by wiping with a burlap cloth to
achieve a saturated surface dry (SSD) condition. The mass of SSD aggregates was recorded as
mssp. Meanwhile, the mass of the pycnometer filled with water was recorded as miy.. Then the
aggregates were put into the pycnometer, and the pycnometer was filled with water. The total
weight of the pycnometer, water, and aggregates was recorded as mpyc+ager. Finally, the
aggregates were taken out and placed in an oven (105°C) for 24 hours to achieve the oven-dry
state. The mass of oven-dried aggregates was recorded as mop. For the specific gravity test of
GPA-PCM, the oven-dry state was achieved by freeze-drying (Labconco FreeZone Benchtop
Freeze Dryer) since the elevation of temperature could cause the melting of PCM, resulting in

the leakage of PCM and unreliable results. The mass of final dry aggregates was still noted as
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mop. Then the specific gravity (SG) and water absorption of aggregates are calculated by the

following equations:

Bulk SG: G, = Mo )
m SSD +m pyc —m pyc+aggr
SSD SG: G, = Pssp ®)
mSSD + mpyc - mpyc+aggr
Apparent SG: G, = Top 3)
Mop + Mype =M s ager
b . o/ . _Mssp —Mpp 0
sorption rate (%): S, =—"—=>x100% 4)
Mop

For the vacuum water absorption test, the aggregates were vacuum saturated by a BSJ
fully automatic saturation machine. The subsequent procedures in the vacuum saturation were
the same as those used for the water absorption test. Then the vacuum absorption rate (S, )
could be obtained using Eq. (4). Compared with the regular water absorption test, the capillary
pores in the geopolymer could be fully saturated under vacuum conditions within 24 hours of
immersion. Thus, this index could also be used to determine the porosity of the pastes [33].
2.3.2 Compressive strength

The compressive strength of the 70 mm x 70 mm x 70 mm geopolymer cube samples was
measured by a Matest Test Frames Group machine. All the groups were tested in triplicates at
the ages of 1d and 7d according to ASTM C109 at a loading rate of 0.6 MPa/s [34, 35].

The crushing strength of GPA was determined by testing the compressive strengths of 20
mm x 20 mm % 20 mm cubes by a Testometric X500-50 machine with a 50 kN capacity
according to our previous research [26, 27]. The average crushing strength was obtained by
testing six samples before and after encapsulating with PCM according to ASTM C109 [34].

The loading rate to determine the crushing strength was 0.5 mm/min.

10
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2.3.3 Thermogravimetric analysis (TGA)

GPA and GPA-PCM samples (around 20 g) were dried in a vacuum oven, crushed, and
ground into fine powders. The ground powders were then sieved through the #200 mesh size
(75 um) for TGA or DSC measurements [36]. Approximately 10 mg of each sample was
weighed into an aluminate crucible for TGA analysis, and samples were tested with a Rigaku
Thermo Plus EVO2 instrument. For each test, the sample was first held at 23°C for 30 min and
then heated from 23°C to 500°C at 10°C /min under N> purge with a flow rate of 100 mL/min.
2.3.4 Differential scanning calorimetry (DSC)

The phase change temperature and latent heat of the GPA-PCM fine powers were
measured using a differential scanning calorimeter (DSC3, Mettler Toledo). For DSC
measurements, around 6 mg of each sample was sealed in an aluminum crucible with a lid for
characterization at a heating and cooling rate of 10°C/min and under a nitrogen atmosphere
with a flow rate of 50 mL/min [37]. The samples were cooled from 50°C to 0°C and then heated
from 0°C to 50°C.

2.3.5 Thermal conductivity

The thermal conductivity of GPA and GPA-PCM was measured using a TC3000E thermal
conductivity meter based on the principle of the transient hotwire method [38] at room
temperature (21.5°C). Due to the size limit of transducers (~30 mm x 45 mm), six samples of
geopolymer cubes (50 mm x 50 mm % 50 mm) for each group were produced and cured under
the same conditions with GPA. Before the test, the geopolymer cubes were completely dried in
the oven. The connecting surfaces of the two samples were kept smooth to obtain precise results
[39]. After encapsulating with PCM, the same cubes were air-dried at room temperature for 48
hours, followed by another batch of thermal conductivity tests. Three samples for each group
were tested to report the average thermal conductivity, and all measurements were conducted

at a fixed voltage of 2 V.

11



231 2.3.6 Time-temperature history

232 Thermal response and regulation of GPA-PCM were evaluated by time-temperature
233 history curves [40, 41], in which the temperature was recorded by embedding the
234 thermocouples into the samples. The curing conditions for these GPA-PCM cubes were the
235  same as those for GPA. Half of the cubes embedded with thermocouples were encapsulated
236  with PCM via vacuum impregnation. A light heater with a S00W halogen lamp was located 40
237  cm above the center of samples, as shown in Fig. 5a. GPA and GPA-PCM samples were
238  arranged as shown in Fig. 5b. The tested samples could receive a light intensity of around
239 11000 Lux based on the lab measurements. The temperature data logger was HIOKI LR8431
240  Memory HiLoggers, and the type of thermocouples was KPS-TT-K-24. The samples were
241  heated to 50°C with the light on for 1 hour, then cooled to room temperature (21.5°C) with the

242 light off for 1.5 hours.

243

244 Fig. 5 Experimental setup of the time-temperature curve: (a) Schematic layout; (b) Sample
245 arrangements.

246

247  2.3.7 Micro X-ray microtomography (Micro-CT)
248 The 3D X-ray micro-CT images of microstructure for the GPA and GPA-PCM samples

249  were observed with Bruker Skyscan 1276 Micro-CT at 100 kV and 200 pA. The crushed
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artificial geopolymer aggregates and the aggregates filled with PCM with an irregular shape
between 14-20 mm were used for the micro-CT scanning. To capture the distribution of the
pores and solid paraffin wax in GPA-PCM, the resolution for the micro-CT scanning was set
as 14 pm. The final reconstructed cylinder size was selected as 12 mm diameter by 10 mm
height.
3 Results and Discussions
3.1 Physical properties of GPA and GPA-PCM composites
3.1.1 Specific gravity

Fig. 6 shows the specific gravities of GPA and GPA-PCM composites regarding the three
factors: slag content, water content, and IBA content. As shown in Fig. 6a, the influence of slag
content and water-to-binder ratio was minimal on the apparent specific gravity (Ga) of
produced GPA. However, the Ga gradually decreased with the increase in the content of IBA.
This is because the alumina in IBA could react with alkali and generate hydrogen gas, thus
producing more isolated entrained air voids in the pastes. After encapsulation with PCM, the
Ga of aggregates was reduced due to the relatively low density of PCM stored in the open pores
of GPA. The overall trend of variation in Ga of GPA was similar before and after the
encapsulation.

Fig. 6b presents the SSD specific gravity (Gssp) of GPA and aggregates filled with PCM.
It could be seen that the trend of Gssp was related to the selected three key parameters: slag
content, water content, and IBA content. Higher slag replacement could cause an increase in
the Gssp, while an increase in water content and IBA content could lower the Gssp of GPA.
The Gssp value was slightly reduced after encapsulation of GPA with PCM due to the lower
solid density of PCM compared with water.

The bulk dry specific gravity (Gg) of GPA and GPA-PCM is shown in Fig. 6¢. Before

being loaded with PCM, the overall trend of Gg and Gssp was similar. The Gg of GPA varied
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in the range of 1.52 to 1.78, which is much lower than that of natural aggregates (2.69). Thus,
GPA falls in the category of lightweight aggregates. However, the encapsulation of PCM
increased the value of Gg due to the filling of pores. Compared with the other two factors, the
addition of IBA could generate more pores and lead to the formation of GPA with lower density.
As a result, 155-0.3-5B achieved the lowest apparent (Ga), SSD (Gssp), and bulk specific

gravity (Gg) before and after encapsulation.
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Fig. 6 Specific gravity of GPA and GPA-PCM: (a) Apparent specific gravity; (b) SSD
specific gravity; and (c) Bulk dry specific gravity.

3.1.2 Water absorption

The water absorption results of GPA and GPA-PCM are shown in Fig. 7. Without loading
with PCM, the produced artificial aggregates had a water absorption (13 - 21%) significantly
higher than the natural limestone aggregates (2%). The lower content of slag, higher water-to-
binder ratio, and higher IBA content resulted in a more porous structure and lower density,
which in turn increased the water absorption of GPA. As a result, group 15S-0.3-5B had the
highest water absorption (21%), which is consistent with the aforementioned results of specific
gravity. Due to the high-water absorption characteristics of GPA, the inner pores could be
utilized for thermal energy storage.

After being filled with PCM via vacuum impregnation, water absorption of the GPA-PCM

was significantly reduced due to the filling of the open pores and the hydrophobic properties
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of paraffin wax. The highest reduction in water absorption of 73.95% was observed for group
15S-0.3-5B, which corroborates the results of the highest water absorption before
encapsulation. It is worth mentioning that the water absorption of all groups was quite close to
each other and was around 5.50%. The lower water absorption of GPA-PCM could avoid the
negative effects on concrete durability properties such as freeze-thaw resistance [25].
Therefore, the impregnation of PCM into GPA could not only store thermal energy but also

reduce water absorption to a tolerable limit (around 5%).

(a) Slag content (b) Water content (c) IBA content
B GrA [ GPA-PCM
20.36 20.80 21.00
20 T 1'8:29 """""" r 18:7'1 """"""""""""

Water Absorption Rate (%)

0
205025 155025 108025 155025 15803 155035 155-03  155.03-2B 155.03-58

Fig. 7 Water absorption rate of GPA and GPA-PCM affected by: (a) Slag content; (b) Wate
content; and (c) IBA content.

3.1.3 Porosity and PCM absorption rate

In order to estimate the overall porosity of GPA, the vacuum water absorption rate of the
produced GPA was measured, and the results are presented in Fig. 8. The lower slag addition,
higher water-to-binder ratio, and more IBA resulted in a more porous structure. Regarding the
pore-forming effect, IBA content had a more significant effect over the other two parameters.
This is understandable because the addition of IBA generates much more macro-pores due to
the release of hydrogen gas.

The high intrinsic porosity of GPA allows it to serve as a PCM carrier. After the vacuum
impregnation of PCM, the mass change rate of the GPA was recorded and noted as the PCM

absorption rate, as shown in Fig. 8. The addition of IBA was a more efficient strategy to
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promote the PCM absorption into GPA as compared with the adjustment of slag and water
content. This is because the air voids generated by IBA were much easier to be filled by the
liquid PCM under vacuum conditions due to the low pore pressure. For a given liquid, there is
a higher capillary force for the smaller pores, according to the Young-Laplace equation [19].
As a result, group 15S-0.3-5B achieved the highest absorption rate of PCM, which was up to

15.99 wt. %.

30 (a) Slag content (b) Water content (c) IBA content 30

B GrA [ GPA-PCM
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20.12

Porosity (%)
PCM Absorption Rate (wt. %)
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Fig. 8 Porosity of GPA and absorption rate of PCM in GPA-PCM affected by: (a) Slag
content; (b) Wate content; and (c) IBA content.

3.2 Mechanical properties of GPA and GPA-PCM composites
3.2.1 Compressive strength

Fig. 9 presents the compressive strength of geopolymer pastes at 1d and 7d. The 1d
compressive strength relates to the crushing energy of the produced GPA, and the higher early
strength means more energy is required for the crushing process. After 24 hours of heat curing
and 5d extra ambient temperature curing, the compressive strength of geopolymer at 7d could
be considered as the long-term strength [42], which reflects the service mechanical
performance of the produced GPA and GPA-PCM. According to Fig. 9, the 1d compressive
strength had a positive relationship with the increase in slag content and an inverse relationship
with the increase in water content and IBA content. The highest compressive strength of 19.8

MPa at 1d was observed for the group containing 20% slag. In addition, the compressive
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strength of 20S-0.25 at 1d was about twice higher than that of 15S-0.25, however, the
difference between their compressive strengths at 7d was significantly reduced. Similar results
have been also reported in previous research on fly ash/ slag blended geopolymer [43, 44]. The
higher early strength can be explained by the quick reaction of calcium compounds and high
amorphous degree present in the slag. It should be mentioned that in the second group, the
higher water-to-binder ratio in group 15S-0.35 induced a relatively higher early strength as
compared to 15S-0.3. This could be associated with the higher amount of dissolution of solid
alkaline-activator during the mixing process of one-part geopolymer. The addition of IBA
could impair the early strength due to the increase in air voids, which is consistent with the
high porosity shown in Fig. 8. As a result, group 15S-0.3-5B had the minimum early strength
(1.4 MPa), which indicates it requires the minimum crushing energy in industrial production
as compared to other groups.

The trend of 7d compressive strength was similar to that of 1d strength, except the group
15S-0.35, which is consistent with the porosity results shown in Fig. 8. As shown in Fig. 9, the
addition of IBA had a much more negative effect on the 7d compressive strength compared
with other two parameters. Thus, the minimum compressive strengths at 7d were 36.4 MPa for

the group 15S-0.3-5B.

(a) Slag content (b) Water content (c) IBA content
81.6 Bl d I

69.0
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S
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Fig. 9 Compressive strength of cubic geopolymer paste (70 x 70 x 70 mm?) at 1d and 7d
(after heat curing).
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3.2.2 Crushing strength

In order to evaluate the strength of artificial aggregates at service life, the compressive
strength of the regular cubic aggregates (20 mm % 20 mm % 20 mm) was measured to reflect
the crushing strength of the GPA before and after encapsulating with PCM, as shown in Fig.
10. Since the porosity of the GPA was linearly influenced by the content of slag, water, and
IBA, the corresponding crushing strength had the same trend as the compressive strength, as
observed in Fig. 9. Due to the size effect in the cubic compressive strength [45], the crushing
strength of GPA was much higher (in the range of 17 - 60%) than the compressive strength of
cube geopolymer pastes. The mechanism of the size effect can be attributed to the stress
redistribution and energy release in the quasi-brittle materials [45]. The size effect was more
obvious in the porous aggregates like 15S-0.35 or 15S-0.3-5B. This feature benefits the
application of encapsulation of PCM in GPA for the following reasons. Firstly, in order to
increase the energy storage capacity, artificial aggregates require a higher porous structure,
which might sacrifice the overall strength of the concrete containing the GPA-PCM. However,
the size effect could provide strength compensation for GPA to achieve the balance of high
energy storage capacity and desirable strength. As a result, sample 20S-0.25 achieved the
highest crushing strength of 95.7 MPa, while 15S-0.3-5B still had a desirable crushing strength
of 58.2 MPa.

Besides the crushing strength of cubic GPA, the crushing strength of aggregates after
being filled with PCM via vacuum impregnation was also investigated. Compared with the
aggregates without PCM, the crushing strength of each group was decreased to varying extents.
The decrease in strength is attributed to the increase of microcracks during the vacuum
impregnation process, especially for cold-water bathing and warm-water rinsing. The large
temperature gradients generate thermal stress, and there is dilatation stress associated with the

phase transformation. Importantly, the strength loss is significantly related to the crushing

18



384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400
401

402

strength of GPA without being filled with PCM. The denser microstructure in GPA leads to a
higher strength loss and vice versa. This degradation behavior might be explained by the fact
that finer pores generate relatively high pore pressure, as well as higher dilatation and shrinkage
stress associated with the phase transition. As a result, the GPA with the denser microstructure
(20S-0.25) had the maximum strength loss.

It is worth noting that the trend of crushing strength of GPA-PCM was significantly
different from that of the GPA regarding the three key parameters: slag content, water-to-binder
ratio, and foaming agent content. The crushing strength of GPA-PCM for the group containing
different slag contents was slightly increased. The water-to-binder ratio still governed the
crushing strength of GPA-PCM, and the lower water content led to higher crush strength. For
the group with varied IBA contents, the difference in the crushing strength of GPA-PCM was
curtailed compared with that in GPA. That means the addition of a foaming agent significantly
mitigated the thermal stress and dilatation stress during the vacuum impregnation process. It
also explains why group 15S-0.3-5B not only had the maximum PCM absorption (15.99 wt.%)

but also possessed a desired crushing strength (54.5 MPa).

(a) Slag content (b) Water content (c) IBA content

I gpA [ GPA-PCM

50
op g 2

|

1100

-23%

|

50+ 150

Crush strength (MPa)

0
108-0 25 158-0 25 108-0 25 1580 25 1580 3 158-0 35 \58-03 155-0 3-2B \55'03’—58

Fig. 10 Crushing strength of aggregates with the regular size of 20 mm x 20 mm % 20 mm
before and after being filled with PCM.
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3.3.

the

Thermal properties of GPA-PCM composites
1 Thermal stability and storage capacity
Thermal stability is used to evaluate the adaptive ability of temperature changes during

application of GPA-PCM composites. Therefore, TGA was conducted to measure the

stability of GPA-PCM during the continuous heating-up process [46]. As shown in Fig. 11,

all the groups underwent mass loss (=5%) up to 400°C; however, the difference in mass loss

between the groups was not significant. For the GPA-PCM composites, additional mass loss

was observed apart from the mass loss of GPA itself, as observed in Fig. 11a. The main mass

loss occurred between 110°C and 215°C, which is consistent with the decomposition

temperature interval of pure PCM (110 —225°C) shown in Fig. 3. This indicates that the

GPA-PCM has relatively good thermal stability.

Weight (%)

"\ (a) GPA without PCM . (b) GPA with PCM
\ | | N 5
98 1 | | 951 K n
| —_~ i I
N S .
| N < Dimmeeil.
—-—208-0.25 X = N it bl
96 — — 108-0.25 N 5 907 ¥ !
5025 ome | 2 ¥
04 { ——15S-0.3-2B | | P |
—— 158-0.3-5B r 215°Cc
100 200 300 400 100 200 300 400

Temperature (°C) Temperature (°C)

Fig. 11 TGA curves of GPA (a) and GPA-PCM (b).

Besides the thermal stability, the TGA results could also be used to measure the absorption

capacity of PCM. Since GPAs could lose bonding water during the temperature elevation and

PCM would fully decompose after 225°C, the actual weight of PCM in the GPA-PCM (Rpcu)

could be calculated based on the following equations:
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Ry, (Wt %) = (1 - 2@ OMEB ) % 100% (5)
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where mcpa@23 and mGpa@400 are the mass of GPA at 23°C and 400°C, respectively; mgpa-
prcv@23 and maGpa-pcv@4oo are the mass of GPA-PCM at 23°C and 400°C, respectively.

The calculated results from TGA, as well as the direct mass change obtained in Fig. 8§,
were compared in Fig. 12a. It is shown that the PCM absorption rate obtained from TGA was
lower than the PCM absorption obtained from the direct mass measurement. This is attributed
to the inhomogeneous nature and small sample size (5 - 8 mg) of GPA-PCM used for TGA
analysis. Besides, there was part of the inevitable loss of paraffin during the sample preparation
process, such as PCM residue left on the surface of the grinding mortar and evaporation of
paraffin [47]. Both methods showed that the PCM absorption increased with the water content
and IBA content while decreasing with the increase in slag content.

The absorption efficiency of PCM was defined to describe the utilization rate of pores in
GPA. It could be calculated based on the solid density of PCM (0.88 g/cm?) and the vacuum
water absorption (S,, ) of GPA as follows, and the results are shown in Fig. 12b.

PCM absorption capacity
pPCM, Solid / pwater ’ Sv, w

Absorption efficiency = (6)

It was observed that GPA with a higher porous structure achieved higher absorption
efficiency of PCM after vacuum impregnation. This was attributed to the presence of larger
size pores in the highly porous structure of GPA, for which lower capillary force was required
to fill the pores under the constant vacuum pressure. More importantly, an increase in the
content of the foaming agent IBA could achieve a superior absorption efficiency as compared
to an increase in water content. According to the direct estimation, the highest absorption
efficiency of 72.66% was achieved by the group containing 5% IBA (15S-0.3-5B), whereas
the lowest absorption efficiency of 47.0% was observed for the group containing 20% slag

(20S-0.25). Besides, there was around 10% volume expansion or shrinkage due to the phase
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transition of PCM. Consequently, the mentioned absorption efficiency was actually

underestimated by about 10% when the paraffin transferred into the liquid state.
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Fig. 12 PCM absorption rate estimated from the mass change and TGA method (a); and the
corresponding absorption efficiency of PCM (b).

3.3.2 Latent heat

DSC was performed to determine the latent heat of prepared GPA-PCM composites, and
the results are shown in Fig. 13. The details of onset phase change temperature (7,...), peak
temperature (7pear), and latent heat of GPA-PCM and paraffin are concluded in Table 3. It can
be seen that in comparison with the pure PCM, the phase change temperatures of GPA-PCM,
including the onset and peak temperatures, were slightly shifted. This was probably attributed
to the physical interactions between pore-confined paraffin and surrounding supporting
materials [41, 47]. Besides, according to the Gibbs-Thompson equation [48], the melting or
crystallization temperature of paraffin located in the pores decreases with the pore size. This is
well verified by the DSC curves of the samples containing IBA. Unlike the other groups, the
Tonser and Tpear of 15S-0.3-2B and 15S-0.3-5B were closer to those of paraftin itself due to the

larger pore size.
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According to Table 3, the latent heat of GPA-PCM increased with the increase in water
and IBA content and decreased with the increase in slag content, which is consistent with the
TGA results. The addition of IBA significantly improved the latent heat of the produced GPA-
PCM, leading to the highest average enthalpy up to 24.11 J/g. Considering that the latent heat
of GPA-PCM is positively correlated with the mass fraction of PCM, the PCM absorption
capacity could be calculated as 9.55 wt. % for 15S-0.3-5B. This is quite close to the value

obtained from TGA (12.51 wt. %).
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Fig. 13 DSC curves of GPA-PCM.

Table 3 Thermal enthalpy and onset temperature for the crystallization and melting process of
GPA-PCM and PCM

Crystallization process Melting process Average
Groups Tonset Theak Enthalpy Tonser Theak Enthalpy | enthalpy
o o w o co ay | U
Paraffin 27.21 23.50 254.59 28.12 32.67 250.07 252.33
20S-0.25 24.26 22.53 4.65 26.53 28.50 4.29 4.47
10S-0.25 24.81 22.83 13.35 26.53 29.00 13.08 13.22
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155-0.25 24.62 22.58 8.95 26.90 29.33 9.77 9.36
155-0.35 24.62 23.08 14.81 26.56 28.83 14.78 14.80
155-0.3 24.62 22.75 10.33 26.40 29.17 11.35 10.84
155-0.3-2B 26.34 25.17 17.28 27.27 29.83 18.00 17.64
155-0.3-5B 26.63 25.33 23.47 27.27 29.83 24.74 24.11

3.3.3 Thermal conductivity

Thermal conductivity plays a key role in the heat transfer process and is dominantly
affected by the bulk dry density and the pore structure [49] of a material. As shown in Fig. 14,
the thermal conductivity of GPA had the same trend as the bulk density (Fig. 6¢). The measured
value for GPA was between 0.409 W/mK and 0.523 W/mK, which is rated as an insulation
material according to RILEM’s criterion (0.75 W/mK) [50]. The thermal conductivity of GPA
decreased with the increase in water and IBA content, while it reduced with the increase in slag
content. The decrease in thermal conductivity in groups containing different water and IBA
contents is due to the formation of a higher porous structure. However, a higher amount of slag
tends to form more amount of reaction products in GPA, leading to a denser microstructure
and increased thermal conductivity.

After being impregnated with PCM, the thermal conductivity of GPA was slightly
increased due to the filling of pores, and still lower than RILEM’s criterion for insulation
materials. Although the thermal conductivity of solid paraffin is only 0.21 W/mK, it is still
much higher than that of air voids (0.025 W/mK). The improvement in thermal conductivity
could benefit the energy storage process. It should be mentioned that the thermal conductivity
of GPA-PCM is not only related to the bulk dry density but also the pore structure distribution.
Since there is a 10% volume change during the phase transition of PCM, the cavity caused by
the transition was different in cases of different pore structure distributions. The bulk dries

specific gravity of group 15S-0.35 (1.71) was similar to that of 15S-0.3-5B (1.69), while the
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former had 12.74% higher thermal conductivity than the latter. This is because the latter group
had more large pores and air voids compared to the former group. The larger pore structure

provided a bigger cavity during the phase change, which reduced the thermal conductivity more

significantly.
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Fig. 14 Thermal conductivity of GPA and GPA-PCM affected by: (a) slag content; (b) water
content; (3) IBA content.

3.3.4 Time-temperature history

Fig. 15a-c shows the time-temperature history curves of GPA and GPA-PCM, which
describe the thermal regulation performance of GPA-PCM during the heating and cooling
process. The temperature difference achieved by PCM in the produced GPA-PCM is presented
in Fig. 15d. All these samples were heated via light bulbs for 60 minutes and then allowed for
natural cooling for 90 minutes.

During the heating process, the peak inner temperature of all samples was quite similar at
around 51°C and the thermal response of GPA-PCM could be divided into two stages based on
the slope of the curves. The initial thermal response in GPA-PCM was slower than that in GPA.
This is because the PCM impregnated in the GPA-PCM could absorb the thermal energy
transferred into the thermocouples. Besides, since the thermal conductivity of paraffin is much
lower than that of the geopolymer matrix, the thermal conduction process was affected by the

PCM around the thermocouples. More importantly, the phase transition of PCM from solid to
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liquid led to the pore structure redistribution, the change of thermal conductivity, and thus the
heat transfer process of GPA-PCM. According to Fig. 15d, the ending of the first charging
stage occurred within less than 15 minutes and depended on the PCM content in GPA-PCM.
The higher PCM content led to a longer duration of this stage and a larger temperature
difference. The temperature difference could achieve the highest value of 10.5°C in 15S-0.35
and the lowest value of 3.1°C in 20S-0.25. After the first stage, the temperature of GPA-PCM
rapidly increased and gradually closed the gap with that of GPA due to the increase of thermal
conductivity and more heat flow from the surrounding.

After the heating stage, these samples were allowed for natural cooling. The cooling
process of GPA-PCM also exhibited two stages of thermal response. The first period was
completed at around 85-95 minutes, as shown in the time-temperature history curves (Fig.15).
During this period, all these samples showed similar thermal responses regardless of their
mixture composition or presence of PCM. When the temperature of the aggregates reached
around the crystallization temperature of GPA-PCM, as shown in Table 3, the liquid paraffin
started to convert into a solid phase and release thermal energy, as marked by the slighter
decrease of inner temperature compared with GPA. Compared with the charging process, the
release of thermal energy was mild and lasted longer. Besides, due to the leakage of PCM
during the heating process, the thermal regulation performance of GPA-PCM declined in the
cooling process. It is shown that this releasing process was affected by the pore structure and
PCM content. According to Fig. 15d, 15S-0.3-5B achieved the best performance in releasing
the thermal energy while there was no obvious temperature difference in 20S-0.25 during the
discharging process. Further work is needed to understand the mechanisms involved in the

charging and discharging processes of GPA-PCM.
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Fig. 15 Time-temperature history curves of GPA and GPA-PCM: (a) Effect of slag content;
(b) Effect of water binder ratio; (c) Effect of IBA content; and (d) Temperature difference

achieved by PCM.
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3.4 Microstructure of GCA-PCM composites

The microstructure in 15S-0.5-5B (GPA) and 15S-0.5-5B-PCM (GPA-PCM) was
investigated by micro-CT, and the 3D segmentation results are presented in Fig. 16. As shown
in Fig. 16a, the volume of pores identified by the micro-CT in GPA was 18.16%, which verified
the highly porous nature of produced GPA. Besides these large pores, a large number of
capillary pores and gel pores could not be identified due to the relatively low resolution (14
um) of this technique. For the group impregnated with PCM, the results of micro-CT are
presented in Fig. 16b. The total identifiable porosity (including PCM and pores volume) was
18.08% by total volume, which is consistent with the results in GPA without PCM
impregnation. This indicates the vacuum impregnation process had a negligible influence on
larger size pores (> 14 pm). Out of the 18.08% pore volume, PCM occupied 15.18%, indicating
a high absorption efficiency of 83.96% by volume. The remaining 2.90% porosity was
associated with the presence of isolated pores and volume changes of PCM. When the paraffin
changed its phase from solid to liquid at the phase change temperature, a large amount of
energy was released, causing the volumetric expansion of PCM by 16.7%, which could fill the
identifiable pores and further improve the absorption efficiency of PCM to 92.36%. Such a
high value in the utilization rate of pores indicates an excellent application potential of GPA-

PCM.
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Fig. 16 Segmentation of microstructure in GPA and GPA-PCM for the group 15S-0.5-5B via
micro-CT technology.

3.5 Environmental impacts assessment of GPA

Table 4 presents the estimated embodied carbon footprint and costs of the raw materials
used in the production of GPA. All of the material costs are provided based on the laboratory
supply list and previous research [25]. Here the use of IBA is assumed to generate zero carbon
footprint because it consumes hazardous solid waste that brings a positive effect on the
environment. Fig. 17 illustrates the embodied carbon footprint of produced GPA with different
mix proportions, where the embodied carbon of other types of lightweight aggregates
previously reported in the literature as PCM carriers, including expanded perlite [51], expanded
clay [52], expanded foam glass [52], ceramic foam [53], and synthetic zeolite [54] is also
presented for comparison.

It seems that the embodied carbon of produced GPA with different mix proportions varied
slightly from 0.142 to 0.155 kgCO.e/kg since Na>SiOsz-anhydrous is the main contributor to
the carbon footprint in GPA. Compared with existing lightweight aggregates used for PCM

carriers like expanded perlite and synthetic zeolite, GPA achieved a significant reduction of
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embodied carbon by up to 72.69%. Besides, the production of GPA in fact can avoid the
exploitation of natural aggregates and reutilize the industry by-products such as fly ash and
GGBS, while in the meantime. All the above-mentioned benefits make the GPA a sustainable
and environmental-friendly solution.

The carbon emission of the preparation and crushing processes for natural aggregates was
around 0.00618 kgCO2e/kg [55]. However, the crushing energy of GPA is far lower than that
of natural aggregates due to the much lower compressive strength of the former (less than 5
MPa) at the crushing time, which indicates negligible carbon emissions. The energy of the
curing process could be calculated according to the following process. The energy consumption
required for curing can be calculated using the following equations [56]:

E, = Avp,C ATt @)
where E; is the total energy consumption (kWh); A is the cross-sectional area of container (1
m?); v is air velocity (0.5 m/s); pa is air density (0.8986 kg/m?); t is total drying time (24 h); AT
is the temperature difference (80 °C); and C, is specific heat of the sample (0.657 kl/kg °C)
[57].
The total energy consumption is therefore given as 283.38 kWh and the energy consumed
for drying per kilogram of GPA is calculated using:

E,=E W, (8)

where Ejg 1s specific energy required (0.708 kWh/kg) and W) is the initial weight of sample
(volume x bulk unit weight = 0.5 m* x 800 kg/m* = 400 kg for industrial production).

In addition, since the emission factor for the energy consumption could be 0.231
kgCO,e/kWh [58], the carbon emission for the curing process could be calculated and the result
was 0.164 kgCO»e/kg. Even though the carbon emission for the curing process itself was higher
than the embodied carbon of raw materials, this part of energy could be compensated by the

biomethane, biofuel, and waste heat steam from wet waste plants and waste incineration plants.
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In addition, this accelerated curing method can improve the strength and quality of the
aggregates and speed up the production efficiency, thus adding additional economic and
environmental benefits.

The material cost of produced GPA was summarized in Fig. 18. It can be seen that the
material cost of the produced GPA varied slightly from 549 to 571 CNY/metric ton. The main
cost of GPA came from FA and alkaline activators. However, a number of researchers have
explored various waste-derived alternative precursors [59] and activators [60] to produce more
eco-friendly geopolymer. It should be highlighted that using artificial aggregates is motivated
by the desire to solve three problems at once: (1) recycling industrial solid waste like fly ash,
red mud, glass waste, calcium carbide residue, and so on, (2) immobilization of toxic waste
like IBA, and (3) limiting the depletion of natural aggregates. The potential use of various
waste materials in GPA can reduce the cost of waste treatment. In addition to the environmental
benefits of GPA, it is anticipated that, in the future, the cost difference between the GPA and

natural aggregates will be reduced with continued development of alternative alkali materials

[25].
Table 4 Embodied carbon footprint and materials costs of raw materials
1 Nazsi03—
Materials Fly ash GGBS Anhydrous IBA Water
Embodied carbon
(keCOze/kg) 0.008 [25] 0.083 [52] 1.860 [25] 0 0.001 [25]
Material costs
(CNY/metric ton) 350 400 4100 0 4
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4 Conclusions

This paper has conducted a comprehensive investigation into the feasibility of employing

artificial geopolymer aggregate (GPA) as a novel shape-stabilized PCM carrier. The following

conclusions have been reached through the investigations:

Introducing IBA into the mix of GPA proved to be an efficient means to increase its
porosity. The formed lightweight GPA could have a low bulk density of 1.52~1.62 and
higher water absorption of 18.7~21.0% while remaining with a high compressive strength
of 36.4~60.2MPa. Besides, with the increase in water and IBA contents, the specific gravity
of aggregates was reduced, whereas the water absorption and porosity of GPA were
increased. The increase of slag content led to an opposite effect to these above properties.
The crushing strength of GPA was significantly affected by the water, slag, and IBA
contents. The higher porosity in the GPA led to a lower crushing strength. After
encapsulation of GPA with PCM, the water absorption rate of the formed GPA-PCM was
significantly reduced to around 5.50% due to the pore-filling effect and the hydrophobic
property of paraffin. The PCM could be absorbed into the GPA up to 15.99 wt. %.

The PCM impregnation process partially declined the crushing strength of GPA-PCM,
ranging from 4.13% to 25.46% as compared to GPA. The higher strength of GPA led to
more strength loss in GPA-PCM due to the dilatation stress associated with the phase
transformation. However, the crushing strength of GPA-PCM was still in the desirable
range of 53.2 - 71.3 MPa.

The GPA-PCM composites had good thermal stability and a considerable melting enthalpy
of approximately 4.29 — 24.74 J/g. The thermal conductivity of GPA-PCM varied from
0.510 to 0.589 W/mK, which was higher than that of GPA. All the produced GPA-PCM

fulfilled the criterion of insulation material.
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e The produced GPA-PCM specimens showed very effective charging and discharging
performance in the time-temperature history curves, leading to temperature regulation up
to 10.5°C.

e The produced GPA exhibited a lower carbon footprint than other lightweight aggregates

specified in existing literature as the PCM carrier.
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